Abstract Methane (CH 4 ) is the second largest contributor to the greenhouse effect. However, it remains unclear to what extent the CH 4 cycle acts as a feedback to climate changes, due to insufficient observational constraints and poor knowledge of wetland extent dynamics. The Tibetan Plateau (TP), which has an average elevation of 4000+ m above sea level, contains one-third of China's natural wetlands. Rapid climate warming (i.e.,~0.5°C per decade since the 1960s) and increasing precipitation in the region have caused wetlands to dry up and then expand, especially since the 2000s. In this study, we assessed the uncertainty and temporal variation of the CH 4 budget during 1979-2012 using a biogeochemical model, in situ measurements and dynamic wetland maps A nonlinear role played by wetland extent in the CH 4 budget was revealed, suggesting that there is a need to incorporate wetland extent dynamics over a longer period into model simulations to understand the variation in wetland CH 4 release during past decades. Furthermore, the results also indicate that more hydrological components, e.g., wetland shrinkage and expansion under increasing precipitation and glacial melt, should be taken into consideration when projecting wetland CH 4 release on the TP.
Introduction
Methane (CH 4 ) is the second largest contributor to human-induced global warming; however, its budget, spatial pattern, and temporal variations under climate changes are still highly uncertain (O'Connor et al. 2010; Bridgham et al. 2013; Kirschke et al. 2013) . Climate changes directly regulate the CH 4 cycle, particularly in wetlands, a major natural CH 4 source, though the underlying mechanisms and contribution of each factor (e.g., variations in temperature, precipitation, and atmospheric CO 2 concentration) remain poorly constrained, such as climate warming and CO 2 fertilization (Melton et al. 2013; Yvon-Durocher et al. 2014) . Climate changes could also affect the CH 4 cycle indirectly, e.g., via wetland extent, which could regulate the CH 4 budget in a disproportional manner .
For wetland extent, however, many previous studies have used a static quantity, which means only variations in temperature, precipitation, and CO 2 concentration have been considered in estimating CH 4 emissions (e.g., Walter et al. 1996; . Studies using a modeled wetland extent have revealed that variation in the wetland inundation area plays a role in regional and global CH 4 budgets (e.g., Kaplan 2002; Hodson et al. 2011) . Several recent studies have also employed dynamic wetland products based on remote-sensing classification, but only focusing on a relatively short period, e.g., 1993 (Riley et al. 2011 Zhuang et al. 2015) and 2003 (Watts et al. 2014 , emphasizing the importance of the variation in wetland extent in the CH 4 budget at seasonal and interannual scales. One very recent study (Paudel et al. 2016) , which attempted to attribute the changes in global wetland CH 4 emissions from the pre-industrial (1850) to the present (2005) period, found that the difference in wetland extent alone explained one-third of the variation in the magnitude of CH 4 emissions. However, only two wetland maps were employed in that study, due to the lack of continuous wetland maps, which largely compromises its conclusion. There is a lack of research in which the study period has been extended to longer (e.g., decadal) temporal scales, to fully consider the contribution of the variation in wetland area to the CH 4 budget during past decades and discriminate it from direct climatic variations, such as temperature, precipitation, and CO 2 concentration. Therefore, in the present study, we investigated how the variation in wetland extent affects the CH 4 budget on the TP-a region that has experienced rapid climate changes and significant shrinkage and expansion of its wetland extent during the past three decades (Fig. 1) .
The TP is situated in the southwest of China, with an average altitude of 4000+ m above sea level ( Fig. 2 ; additional information in Fig. S1 ), and it contains approximately one-third of the existing natural wetlands in China (Niu et al. 2012) . The region has experienced rapid climate warming and increased precipitation during recent decades, causing substantial variation in wetland extent (Figs. 1 and 2) (Liu and Chen 2000; Zhang et al. 2011; Niu et al. 2012; Xue et al. 2014) , which may have affected wetland CH 4 emissions. Furthermore, recent 6-year in situ measurements on the central TP indicated that the alpine grasslands are considerable CH 4 sinks, despite the cool climate (Wei et al. 2015a) , consistent with its Arctic counterpart (Jørgensen et al. 2015; Lau et al. 2015) . The rates of CH 4 uptake would have largely counteracted the CH 4 release by the natural wetlands; therefore, in the present study, we incorporated CH 4 uptake to determine its role in the CH 4 budget.
To achieve this, a high-latitude wetland CH 4 emissions module (Wania et al. 2010 ) and a CH 4 uptake module (Curry 2007) were integrated to a dynamic global vegetation model and then applied in the TP, after being evaluated extensively against observations across the TP and surrounding regions (Fig. 3) . A dynamic wetland extent product at 1-km resolution, which involved visual interpretation of 1685 scenes of Landsat images and 1442 scenes of China-Brazil Earth Resource Satellite images (Niu et al. 2012) , were employed in the present study. A 0.1°resolution climate forcing dataset based on the China Metrological Administration (He and Yang 2011) was used to drive the model.
Materials and methods

Model description
The LPJ-WHyMe model (Wetland Hydrology and Methane) was developed by Wania et al. (2010) based on the LPJ (Lund-Potsdam-Jena) dynamic global vegetation model (Sitch et al. 2003) , and is aimed at estimating and projecting CH 4 emissions from highlatitude wetlands. Wetland hydrology is explicitly represented in this model, including snow accumulation, melting, permafrost active layer depth dynamics and etc. The CH 4 module simulates CH 4 formation (using litter, root exudates, and the fast and slow soil organic carbon pools), transport (ebullition, diffusion, and aerenchyma transport) and oxidation. In this study, a CH 4 uptake module was incorporated into the LPJ model (Curry 2007) . This module simulates the diffusion and oxidization rate in each soil layer. The diffusion rate is mostly dominated by soil texture and regulated by soil moisture, while the oxidation rate is sensitive to temperature and soil moisture fluctuations, (He and Yang 2011) , c atmospheric CO 2 concentration (Zhao et al. 2014) , and d wetland extent dynamics on the TP (Niu et al. 2012) represented by exponential and quadratic equations, respectively. To apply the model to the TP, two additional revisions were made: a correction for the influence of atmospheric pressure on ebullition, and enabling the model to simulate both CH 4 emissions and uptake within the swamp Fig. 2 Variation in wetland extent on the TP during the past three decades (Niu et al. 2012 (Niu et al. ). a 1978 (Niu et al. -1990 (Niu et al. . b 1990 (Niu et al. -2000 (Niu et al. . c 2000 (Niu et al. -2008 . Blue/red coloring indicates wetland expansion/loss. The wetland maps of the TP in 1978, 1990, 2000, and 2008 are provided in Fig. S1 meadow, where there is hollow-hummock terrain (Wei et al. 2015b ). More descriptions of the above two modules could be seen in the Text S1.
Sensitivity test, calibration, and validation
For the CH 4 emissions module, seven parameters were tested for their sensitivity to CH 4 emissions (for details see Text S1) (Wania et al. 2010) . For the CH 4 uptake module, the rates of CH 4 uptake were sensitive to the base oxidation rate and soil moisture exponent (for details see Text S1) (Curry 2007) . To calibrate and evaluate the model's performance, local observational datasets of CH 4 exchanges were collected across the TP and surrounding regions (Tables S1  and S2 ). Climate data for the most adjacent pixel in the China Meteorological Forcing Dataset [ambient temperature and precipitation; He and Yang (2011) ] and the CRU_TS_3.22 dataset [cloud cover and wet days; Harris et al. (2014) ] were extracted and applied to drive the model at daily steps. To run the model, the first 10 years of climate data were used to achieve equilibrium (1000-year spin-up), and each year's simulation results were compared with the observed results. Measurements from Haibei (Song et al. 2015) and Nam Co (Wei et al. 2015a) were used to calibrate the CH 4 emissions and uptake modules, respectively. Comparisons between the modeled and observed seasonal patterns were conducted to determine the optimal parameters for each site. Then, Monte Carlo analyses were performed at the local scale by running the model 10,000 times and varying the seven parameters for the CH 4 emissions module and two parameters for the CH 4 uptake module. The root-mean-square error between modeled and observed results were used to obtain universal parameters for the regional run. The CH 4 emissions module broadly captured the temporal variation and seasonal and annual Table S1 ), while the CH 4 uptake module was able to reproduce the observed magnitude in non-wetland ecosystems ( Fig. S2 and Fig. S3 ; Table S2 ).
Forcing data
A recent soil texture dataset, the Second National Soil Survey of China (Wei et al. 2013 ), was applied in this study, following the original LPJ soil texture map (Zobler 1986 ). Dynamic wetland maps for 1978, 1990, 2000, 2008 and their linear interpolation were used to determine the effect of the variation in wetland extent on CH 4 emissions (Niu et al. 2012) . Note that the work of Niu et al. (2012) involved many visual interpretations of Landsat images, representing the most recent improvement in China's wetland dynamics (Wei and Wang 2017) . Land surface air temperature (2 m aboveground) and precipitation were extracted from a high-resolution (0.1°× 0.1°; 3 h) climatological dataset (He and Yang 2011) , i.e., the China Meteorological Forcing Dataset, which represents the highest-quality climate forcing data available in China ( Fig. S4 and Fig. S5 ). Cloud cover and wet-day data were retrieved from the CRU_TS_3.22 dataset (Harris et al. 2014 ) and then resampled to facilitate model simulations. Therefore, the simulations were run at high resolution, which involved a long computation time (roughly 12 h for a single run), making the Monte Carlo test of the regional uncertainty of the CH 4 budget impossible (typically 10,000+ times). Instead, the extreme condition approach was used to determine the uncertainty range, using the range reported in local-scale Monte Carlo tests as a priori knowledge (for details see Text S1).
3 Results and discussion
Estimation of CH 4 emission rates
The simulations suggested that higher CH 4 emission rates occur in the warmer, eastern TP (less than 4000 m above sea level), compared with the colder, interior TP (Fig. 4) . CH 4 emissions from the alpine wetlands were estimated as 0.96 ± 0.21 Tg CH 4 year −1 during the past decade (2000s), which is generally consistent with most previous studies (summarized in Table 1 ). For book-keeping estimations (i.e., Jin et al. 1999; Ding et al. 2004; Chen et al. 2013 Xu et al. (2010) . The different structures (CH 4 modules usually depend on terrestrial biogeochemical models, which involve carbon, nitrogen, hydrological and energy cycles) and representations of CH 4 formation, transport, and oxidation processes used in these models would have contributed greatly to the discrepancies among these simulations. There are distinct differences between terrestrial models with differing levels of complexity and emphasis on different functionalities (Cramer et al. 2001) . For these CH 4 emission modules, large discrepancies still exist in terms of representing CH 4 processes and their environmental controls (Melton et al. 2013; Xu et al. 2015 Xu et al. , 2016 . For example, the LPJ-WHyMe model treats the CH 4 processes more explicitly than the TEM (Jin et al. 2015) , though the effect of pH is considered in CH4MOD model (Li et al. 2015) . However, this cannot necessarily be translated into a better or worse performance. Actually, there is a tradeoff between simplicity and complexity in model development, as greater parameterization is needed to make sure the added processes and factors are correctly represented (Melton et al. 2013) . The discrepancies can also be attributed to other factors, i.e., wetland extent and the parameterization and validation datasets. Obviously, wetland extent is critical to CH 4 budget estimations; however, different wetland maps have been employed in previous studies (Fig. S6) . Assuming that the most recent visual interpretation of Landsat is the best representation of the wetland distribution on the TP (Niu et al. 2012) , the overestimation of wetland extent in the Global Lake and Wetland Database (GLWD), which was employed in Xu et al. (2010) , may explain its large overestimation of the magnitude of CH 4 emissions (2.47 Tg CH 4 year −1
). Similar problems were also found with the swamp map in Zhao (1999) , which was used in a bottom-up estimation of 1.25 Tg CH 4 year −1 by Chen et al. (2013) .
In situ measurements provide a basis for model parameterization and validation, and therefore exert important impacts on model performance and regional budget estimations (Melton et al. 2013) . The study by Ding et al. (2004) in the Zoige peatland of the eastern TP was one of the earliest in situ measurements of CH 4 emissions, in which the observed growing season emissions rate was estimated as 2.96 mg CH 4 m −2 h −1 using dark chambers.
The CH 4 exchange rates reported in Ding et al. (2004) were widely used in later model parameterizations and validations, e.g., Xu and Tian (2012) and Li et al. (2015) . However, much higher emission rates were reported in subsequent studies in the same area (e.g., Chen et al. 2008 Chen et al. , 2013 . Furthermore, in another study in Haibei, where it is 2.1°C colder than in Zoige in annual average, 2-year eddy covariance measurements yielded an annual mean rate of 2.46 mg CH 4 m −2 h −1 (Song et al. 2015) , also stronger than the result reported in Ding et al. (2004) . Therefore, the above studies indicate a potential underestimation of the CH 4 release reported by Ding et al. (2004) , probably due to an under-representation of spatial heterogeneity (vegetation composition, soil carbon content and water table depth under meso-and microscale topographic variation) (Wei et al. 2015b ) and a potential depression of CH 4 formation and transport due to photosynthetic inhibition by dark chambers (Luan and Wu 2014) .
CH 4 emission dynamics
Under the changing climate (Fig. 1) , CH 4 emission rates increased significantly during the 1980s, 1990s, and 2000s (2.22 ± 0.53, 2.48 ± 0.61, and 2.85 ± 0.76 mg m −2 h −1 , respectively). However, the wetland extent showed a unique pattern of shrinkage from 4.20 × 10 4 km 2 in 1978 to 3.52 × 10 4 km 2 in 1990, followed by increasing rainfall (Yang et al. 2017; Zhang et al. 2017 ) and glacial melt (Niu et al. 2012) , causing an increase in wetland extent from 3.59 × 10 4 km 2 in 2000 to 4.08 × 10 4 km 2 in 2008 (Fig. 2) . The magnitude of CH 4 emissions from the TP alpine wetlands was estimated to be 0.75 ± 0.18, 0.77 ± 0.19, and 0.96 ± 0.21 Tg CH 4 year −1 during the 1980s, 1990s, and 2000s, respectively (Fig. 5) . By fixing each factor, i.e., using the first 10 years of forcing data throughout the whole simulation period and subtracting it from the standard simulation, the causes of the variation in CH 4 emission rates and regional magnitude were analyzed (Fig. 6) . It was found that climate warming dominated the increasing CH 4 emission rates, due to the stimulation of methanogenic activity, substrate supply and aerenchyma transport. Increasing atmospheric CO 2 and precipitation also contributed to the increasing CH 4 release rates, but only as a secondary role. The alpine wetlands showed higher sensitivity to temperature changes than CO 2 changes, while in most other studies, the CO 2 usually played the dominant role and the temperature effects varied among different climate regions (Melton et al. 2013) ; for example, the tropics show a decrease in CH 4 emissions while the extratropics show an increase, under a warmer climate. The higher temperature rather than CO 2 sensitivity of the alpine wetlands can be attributed to the cold climate over the TP, which strongly constrains plant growth, substrate decomposition, methanogenic activity and etc. (Deng et al. 2013 (Deng et al. , 2014 .
Interestingly, the variation in wetland extent played a nonlinear role in affecting the regional magnitude of CH 4 emissions during the past three decades. From the 1980s to 1990s, the decreasing wetland extent almost completely compensated for the increasing CH 4 emission rates, though wetland expansion during the 2000s strengthened the increasing CH 4 emission rates. The wetland shrinkage before the 1990s mostly occurred in non-glacier-fed wetlands, due to enhanced evaporation (Zhang et al. 2011) . However, for the glacier-fed wetlands, it seems that recent increasing precipitation and glacial melt under warmer temperatures have superseded the dry-up (Niu et al. 2012; Yao et al. 2012; Zhang et al. 2013; Song et al. 2014; Yang et al. 2017; Zhang et al. 2017) , causing a net increase in wetland extent. Although it is still highly uncertain when wetland expansion will be reversed under the balance of increasing precipitation, glacial melt and evaporation dry-up (Li et al. 2014; Xue et al. 2014) , stronger water supply for wetlands has been projected in most river basins, at least before the 2050s (Lutz et al. 2014; Su et al. 2016) , suggesting the trend of wetland expansion will not be altered in the near future. This is consistent with a recent projection (Xue et al. 2014) , i.e., wetland expansion, indicating potentially stronger CH 4 release from this region.
Therefore, the present study of the TP implies that the variation in wetland extent plays a role in the magnitude of regional CH 4 release; however, we did not incorporate seasonal shifts in wetland area, which merits further work. Our work emphasizes the role of wetland extent dynamics in regional CH 4 emissions and may be important for other regions where complex hydrological cycles and human-induced impacts (e.g., wetland drainage) are involved. For example, a recent global-scale simulation of wetland CH 4 release during 1850-2005 found that the most important change was due to change in wetland extent (generated by model simulations), mainly caused by wetland drainage to dry land (Paudel et al. 2016 ). In the Arctic region, where half the world's wetlands are located, although positive feedbacks of CH 4 release rates are widely projected (Kirschke et al. 2013; Schuur et al. 2015; , change in wetland extent should also be taken into consideration in long-term reconstructions (Avis et al. 2011; Zhuang et al. 2015) . Unfortunately, no decadal-scale remote-sensing-based quantification is available, as existing Annual mean CH 4 emissions, rate of uptake, and net balance on the TP during the past three decades studies fails to differentiate wetlands from other surface waters (e.g., Schroeder et al. 2015) . It is important to address this knowledge gap in the near future.
Estimation of rates of CH 4 uptake
The simulations suggested that the warmer eastern and southern areas of the TP take up more CH 4 than the alpine grasslands in the western and northern TP (Fig. 4) . During the past three decades, the rates of CH 4 uptake in alpine ecosystems increased from 24.9 ± 1.81 μg CH 4 m −2 h −1 in the 1980s to 26. (Wei et al. 2015a) . Clearly, the present simulation is generally consistent with these book-keeping estimations (e.g., Wang et al. 2014 ). By fixing temperature or precipitation to the level of the 1980s, it was found that rising temperatures positively affected the increasing rates of CH 4 uptake, while increasing precipitation negatively affected them; but, this was completely masked by the rising temperatures. The impacts of temperature and precipitation on the rate of CH 4 uptake in the present study are generally consistent with previous studies (Zhu et al. 2011; Zhuang et al. 2013) , primarily due to the temperature dependence of the methanotrophic community and evapotranspirationinduced soil water loss (which promotes air-soil diffusion of CH 4 ) under a warmer climate (Jørgensen et al. 2015; Wei et al. 2015a ).
Conclusions
Integrating the latest advances in observations, high-resolution climate forcing data and dynamic wetland maps, this study suggests that climate changes directly and indirectly affect CH 4 exchanges on the TP. The alpine wetlands' CH 4 emission rates were completely compensated by upland soils during the 1980s to 1990s, indicating a neutral role in the CH 4 cycle. However, recent wetland expansion in the 2000s, due to increasing precipitation and glacial melt, strengthened the increasing CH 4 emission rates and converted the TP into a net CH 4 source. This study implies that CH 4 emissions from the TP are sensitive to both climate changes and their indirect effects on wetland extent, which has implications for other regions where complex hydrological processes and human impacts are involved. This study also suggests that there is a strong need to incorporate wetland extent dynamics over a longer period (e.g., several decades) into model simulations when reconstructing temporal variations in wetland CH 4 release over past decades (Paudel et al. 2016) . For future projections of CH 4 release, projections of wetland extent should integrate more hydrological components to better project CH 4 emissions (e.g., Stocker et al. 2014) .
